Promotion of hole injection enabled by GaInN/GaN light-emitting triodes and its effect on the efficiency droop Appl. Phys. Lett. 99, 181115 (2011) Numerical simulation of anomaleous electrons generation in a vacuum diode J. Appl. Phys. 110, 043302 (2011) Note: Design of transverse electron gun for electron beam based reactive evaporation system Rev. Sci. Instrum. 82, 056106 (2011) Relativistic Bursian diode equilibria Phys. Plasmas 18, 033502 (2011) Surface photoemission in a high-brightness electron beam radio frequency gun Appl. Phys. Lett. 97, 253504 (2010) Additional information on J. Appl. Phys. At variance with what is often reported in the literature, the operating mechanism of the organic diode is closer to that of the p-n junction than that of the conventional Schottky diode. The influence of an exponential distribution of traps is also analyzed. Alongside a drastic reduction of the current at above-diffusion-potential regime, traps introduce a substantial ideality factor in the low-voltage current. Two-dimensional physically based simulations are carried out in order to ascertain the validity of our model. By including trap effects, device simulation could fairly fit the experimental data of the organic diodes made of vacuum-evaporated pentacene.
I. INTRODUCTION
With the rapid development of organic electronic devices, such as organic light-emitting diodes (OLEDs) 1,2 and organic photovoltaic cells (OPVs), 3-5 a specific model for organic diodes becomes a key feature for interpretation and prediction of the device operation. Up to now, most of the diode models were directed toward OLEDs 6 and thus focused on the high-voltage regime (at least few volts). This is due to the fact that the emission starts at the onset voltage that is well above the diffusion (i.e., built-in) potential V d . At this regime, the current is mainly controlled by bulk properties of the semiconducting layer. By contrast, a different situation prevails in OPVs, in which the open-circuit voltage roughly corresponds to the built-in voltage, so that the operation voltage is below V d . 7 At this low-voltage regime, current generally follows an exponential behavior that strongly reminds the conventional metal-semiconductor (Schottky) contact. This is the reason that the Schottky diode model is often invoked to explain the behavior of organic diodes. 3, 8 However, this model is based on the presence of a "depletion region" that extends over a small part of the whole thickness of the (inorganic) semiconductor, which, in fact, makes its application to organic solids questionable.
Imperfection of the Schottky model for "organic" diodes is expectable when general device and material configuration are taken into consideration. First, the thickness of an organic layer is usually much lower (typically 100 nm) than that of a Si wafer ($0.7 mm). Next, organic semiconductors are, in general, unintentionally doped so that free carrier density is extremely low (typically less than 10 14 cm À3 ). From these two arguments, the expected depletion width is actually higher than the film thickness in most cases. As a consequence, the energy diagram of the organic diode should be described by the metal-insulator-metal (MIM) representation 9 without any "partial" depletion region. Evidence for such a statement was recently reported by our group through impedance analysis on pentacene-based diodes. 10 Another important limitation in organic semiconductors is the presence of traps, with the exception of highly pure, defect-free organic crystals. Energetic distribution of traps is most often described as an exponential or Gaussian density of states (DOS) near the transport band edges. [11] [12] [13] The primary effect of this DOS is to substantially decrease the current under forward bias.
In a historical point of view, the model presented here is largely based on the work developed during the early days of solid-state electronics. At that period, semiconductors were treated as highly resistive materials, in which charge carriers mainly arise from the injection at the contact electrode [14] [15] [16] [17] [18] (hence, the appellation of "dielectric diode"). An archetypal work is that by Wright, 17 which deals with one-dimensional one-carrier current in a plane parallel structure with one ohmic (injecting) contact and one blocking contact. On the basis of a resolution of coupled Poisson's and drift-diffusion equations, it was shown that, at low forward bias, current predominantly occurs by carrier diffusion and exponentially increases with the applied voltage, while, at higher forward voltage, the predominant mechanism is carrier drift and current follows a space-charge-limited power law. Due to the blocking electrode, reverse current is negligibly small and high rectification ratio could be achieved.
In the present work, we propose a simple analytical model that accounts for the current flow at low voltage in an organic diode composed of a single organic layer sandwiched between two conductors with different work functions. It is shown that the resulting current fairly compares to the calculated current by a physically based device simulation using drift-diffusion equations and finite-element integration. In addition to a significant reduction of the current above the built-in potential, it is found that an exponential distribution of traps leads to an emergence of the ideality factor in the exponential regime (low-voltage regime). With the trap effects included in the simulation, we could successfully fit the experimental data measured on vacuumevaporated pentacene diodes.
II. ANALYTICAL MODEL
The model diode consists of an organic layer inserted between a high work function (hereafter designated as the anode) and a low work function (the cathode) electrode, with the following assumptions: (1) in the absence of electrodes, there are no free carriers inside the semiconductor (the organic semiconductor is fully depleted and behaves as a pure dielectric); (2) only one type of carrier (electrons or holes) are injected from both electrodes. In the remainder of the paper, we will assume that these charge carriers are holes (hole-only conduction), keeping in mind that the extension to the electron-only or even bipolar system is straightforward (in the latter instance, it suffices to sum up the electron and hole currents).
Because of the first assumption, it is expected that there is no band bending upon contacting the semiconductor to the electrodes. The energy diagram of the metal-insulator-metal (MIM) diode is illustrated in Fig. 1 . This figure also qualitatively depicts the operation regimes of the diode.
It is worth clarifying here that the mobility can be considered as constant in the diode configuration without carrier density dependence on it. This assumption is supported by the comparison of the carrier-density-dependent mobility in diodes and transistors. 19 This work indicates that, because the carrier concentration in diodes is much lower, the mobility is low and practically constant, whereas the mobility in transistors is substantially higher and more dependent on the carrier density.
A. Ideal case: Semiconductor without traps
Diode at thermal equilibrium
In this first part, we justify the energy diagram adopted in Fig. 1 . We start from the one dimensional Poisson's Eq. (1) and drift-diffusion Eq. (2).
Here, F is the strength of the electric field, x the spatial coordinate in the direction perpendicular to the electrodes (x ¼ 0 at the anode), q the elementary charge, p the density of holes, e the permittivity of the semiconductor, j the current density, l the hole mobility, and D their diffusion coefficient. A generalized relation between the diffusion coefficient and the mobility can be found in the seminal textbook by Ashcroft and Mermin. 20 Its low carrier density limit reduces to Einstein relation D=l ¼ kT=q, where k is Boltzmann constant and T the absolute temperature. Several recent papers discussed the validity of this relation in the case of organic semiconductors. [21] [22] [23] In general, it was found that a deviation from Einstein relation occurs with increased disorder (as measured by the variance of a Gaussian density of states) and charge carrier concentration. Here, we will assume that the semiconductor is partially ordered (or polycrystalline) and the carrier concentration is low enough (undoped or unintentionally doped semiconductor). Under such circumstances, the Einstein relation can be safely adopted. However, we recognize that further investigation on this assumption would deserve additional work in the future.
From the Einstein relation and Eq. (1), Eq. (2) becomes
At equilibrium (no voltage applied), j ¼ 0, leading to the differential equation
which can be integrated once,
where g is an integration constant. In the Boltzmann approximation, Eq. (6) defines a relationship between the density of holes and the potential,
where p 0 ¼ N t e ÀE b =kT is the density of holes at x ¼ 0. Here, N t is the effective density of states at the valence band edge and E b the (anode) barrier height at the electrodesemiconductor interface. Equation (5) was first resolved by Mott and Gurney for a semi-infinite semiconductor, 14 then by Skinner 24 for a semiconductor of finite thickness. The general solution writes
where x 1 is an integration constant and x 0 the Debye length
Writing that pð0Þ ¼ p 0 leads to
Substitution of Eq. (10) in Eqs. (7) and (8) gives
The potential is obtained by integrating the electric field
Here, we assumed that V ¼ 0 at the anode. The integration constant g can now be estimated by introducing the potential at the cathode, VðdÞ ¼ V d , where d is the thickness of the semiconductor and V d the diffusion (or built-in) potential that equals the difference between the work functions of the anode and the cathode. At this stage, the calculation can no longer be performed by analysis and a numerical computation is used. Figure 2 shows the calculated potential profiles of an organic diode with the following physical parameters: thickness of the semiconductor: 200 nm; anode work function: 4.8 eV; cathode work function: 4.2 eV; and ionization potential of the semiconductor: 4.9, 5.0, and 5.1 eV (to compare different injection barrier heights). In all cases, we assume that the LUMO level is sufficiently close to the vacuum level, so that no significant electron injection takes place.
From Fig. 2 , we can say that the MIM model is completely valid as long as the anode barrier height is higher than about 0.2 eV. For smaller barrier heights, a slight band bending develops near the anode that tends to reduce the electric field in the bulk of the semiconductor. Note that the band bending appears at the "injecting" electrode, which is at variance with the Schottky model, where the band bending takes place near the "blocking electrode". We also note that, because of various interfacial effects discussed in detail elsewhere, 25 realistic metal-organic semiconductor junctions present an injection barrier in excess of $ 0.3 eV, so that the MIM model could be applicable in most cases.
Current-voltage model for the low-voltage regime
The exact analytical resolution of the general driftdiffusion Eq. (3) with finite current has been developed by Skinner 26 and Wright. 17 The solution involves Bessel functions, and even its asymptotic development does not lead to easy-to-handle analytical expressions. Instead, we develop here a simplified model directly inspired by the model of Shockley for the pn junction. One of the clearest physical descriptions of the concept can be found in the textbook of Ashcroft and Mermin. 20 At this point, it is worth mentioning that our model differs from that of the pn junction in that we only consider one kind of charge carrier; here, holes.
The basic idea is that the total current density j is the difference between two components: one originating from holes injected at the anode, j an , and one from holes injected at the cathode, j cath . As expected from Eq. (6) and Fig. 2 , the density of holes at the anode is considerably higher than that at the cathode. However, Fig. 1 shows that, as long as the voltage applied to the anode (V a ) is lower than the diffusion potential, the electric field points against the hole current from the anode, so that only holes with high thermal energy can contribute to the anode current. Hence, the anode current is proportional to e ÀqðV d ÀV a Þ=kT / e qV a =kT . In contrast, at the cathode, the direction of the electric field favors the drift of (small number of) injected carriers. Thus, the cathode current is given by the elementary charge times the density of holes at the cathode, p 1 , times their mobility, l, times the electric field,
At zero applied voltage, the total current is zero, so that
Taking into account the voltage dependence of the anode current, we can write 
Combining Eqs. (14) and (16) and the definition of p 1 , we finally get
Note that Eq. (17) differs from that of the pn junction by the third factor in the brackets at the right hand side that explains slight voltage dependence of the reverse current. At this stage, it is worth pointing out that the current is controlled by the electrode with the lowest hole injection (namely, the cathode). This operation mechanism reminds that of the pn junction, in which the current is controlled by minority carriers. At applied voltages higher than a few kT=q, Eq. (17) simplifies to
B. Effect of traps in the semiconductor
Defining a band edge in the presence of traps
Before analyzing the effect of traps on the diode, let us first recall how a band edge can be defined in a disordered semiconductor and how a distinction can be made between "valence" (or "conduction") and "trap" states. A first useful concept is the mobility edge (ME) 27, 28 that was first developed for amorphous inorganic semiconductors. The ME separates extended from localized states. The existence of the former arises from the similarity of the short range configuration in the amorphous solid to its crystalline analogy. Transport in localized states occurs through hopping and is expected to be negligible in comparison with that in the extended states; hence, we see an abrupt increase in mobility at the ME. Only charge carriers that are thermally activated to states above the ME contribute to charge transport. This constitutes the base of the well-documented multiple trapping and release (MTR) model.
However, the presence of extended states is unlikely in disordered organic semiconductors. Instead, the valence and conduction bands are described in terms of a Gaussian distribution of localized states. In such a case, the transport energy (TE) is a more relevant concept. 29 TE is a particular temperature-dependent energy level within the band tail that was first coined by Grunewald and Thomas 30 from a numerical analysis of the equilibrium hopping conductivity. As shown later by Monroe, 31 an electron starting from an upper energy level of the distribution makes a series of hops downward in energy until it reaches some particular energy (TE), at which the relaxation process changes drastically. Near and below this TE, the transport resembles the MTR process, with the ME replaced by the TE. Accordingly, we will consider the TE as the band edge in the following discussions.
Diode with traps at thermal equilibrium
The presence of a distribution of traps in organic semiconductors is now well documented. 11, 12, 32 The most appropriate model for small molecules is the exponential DOS,
where E t is the energy of the valence band edge, N t the total density of traps, and T c a characteristic temperature connected to the width of the distribution. The density of trapped holes is estimated by integrating this DOS times the FermiDirac distribution (for holes) over the available energy range,
Here, E F is the Fermi energy at equilibrium. Because T c > T in general, the DOS in Eq. (20) is slowly varying function with energy compared to the Fermi function, so that the latter can be approximated to a step function, thus yielding the following relation between the density of trapped holes and the potential:
where p t0 ¼ N t e ÀE b =kT c is the value of p t at x ¼ 0. From Eqs. (6) and (22) , the ratio between free and trapped holes is given by 
where l ¼ T c =T: At equilibrium, Eq. (24) reduces to Eq. (4), with T c instead of T. Accordingly, the solution for VðxÞ is obtained by changing T to T c and p 0 to p t0 . Figure 3 compares the potential profile of a diode without and with traps with the parameters listed in Table I . Here, the trap density and characteristic temperature are representative values close to the experimentally extracted trap parameters in Sec. IV B.
Note that these values differ from those deduced in a recent study from pentacene-based organic field-effect transistors. 32 The difference can mainly arise from the direction of current flow; the current flows across the film in a diode, whereas it flows along the film in a transistor. It could also come from the already mentioned very different charge carrier density involved in both devices.
The effect of the distribution of traps is globally identical to the lowering of injection barrier from the anode. Physically, traps provide available states that can be filled by injected carriers from the anode. These trapped (or fixed) carriers give rise to a screening effect that bends the band. In turn, the band bending can be viewed as a reduction of potential difference between the anode and the cathode. This point will be discussed in more detail in Sec. III B with simulated voltage-dependent band structures.
Bulk-limited current with exponential trap distribution
As indicated in Fig. 1 , when the forward voltage exceeds the built-in voltage, the current is no longer limited by charge injection but limited by the bulk property of the semiconductor. This is because the direction of electric field now favors the drift contribution of injected carriers at the "anode". If the semiconductor does not contain any traps (corresponding to the arguments in Sec. II A), the bulk current follows the well-known Mott-Gurney relation (spacecharge limited current (SCLC)) and the current is a quadratic function of voltage. 14, 33 When the bulk current is affected by exponentially distributed traps, one can refer to the classical model of Mark and Helfrich, 34 which predicts the current-voltage relation of the form
The foremost feature of Eq. (25) is that it predicts a power law shape in the current-voltage curve. Traditionally, the current is plotted in log-log coordinates, and the slope of the straight line (l þ 1) is used as a direct access to the characteristic temperature (T c ) of the trap distribution.
As a final remark of this section on the trap studies in organic diodes, we emphasize that, up to this time, there was no dedicated study for the trap effect on the "low-voltage regime". Based on the trap-induced band bending effect modeled in this section, and by making use of the device simulation with the experimental application of MarkHelfrich law, we will prove in Secs. III and IV that traps result in a significant ideality factor (decreased slope in the exponential current) at a low-voltage regime.
III. NUMERICAL SIMULATION
In this section, we present several results of a physically based two-dimensional simulation as a validation and extension tool of the analytical model. They will provide complementary data to the model, as the simulation gives exact numerical solutions for the system that cannot be analytically estimated (especially, calculation out of thermal equilibrium condition). We used the ATLAS simulator by SILVACO 35 for the organic diode simulation. This finite-element simulation solves a set of coupled Poisson's, continuity, and driftdiffusion equations and produces self-consistent solutions within a user-defined two-dimensional structure. We defined a metal-semiconductor-metal structure with 200 nm of pentacene (predefined material model in ATLAS) as an organic semiconductor.
A. Validity of the model
In Fig. 4 , the simulated current-voltage (j À V) curve is drawn together with that of the low-voltage analytical model developed in Sec. II A. The parameters for both curves are those listed in Table I , with hole mobility of pentacene as 0.15 cm 2 / V Á s. 36 The simulated curve displays three distinct regimes introduced in Fig. 1: reverse, injection-limited, and   FIG. 3 . Calculated potential profiles in an MIM diode without and with a distribution of traps. The parameters used for the calculation are listed in Table I . Characteristic temperature T c (K) 1200  FIG. 4 . Comparison between the simulated and analytical j À V curves. (2011) bulk-limited. Under reverse-bias (V a < 0), both curves show slightly increasing reverse-current, as predicted by our model. In the injection-limited forward-bias regime (0 < V a < V d ) (main focus of this study), the analytical curve fairly matches the simulation, apart from small deviation as approaching the bulk regime. The third regime (bulklimited forward-bias regime) is not traced by the low-voltage model. The simulation indicates that, in this regime, the current is no longer exponential with voltage; rather, it starts following a power-law dependence (SCLC prevails here). All that has been developed until this point is strongly based on the primary assumption that the organic semiconductor is strictly undoped, so that only injected charges govern the current flow in the diode. In order to solidify this hypothesis, a series of simulations with increasing doping concentration has been conducted. Figure 5 shows the forward j À V characteristics from zero to the heavily doped case. Obviously, doping up to 10 14 cm À3 does not influence the current, because the injected carriers are more abundant than those generated by dopants. It is only when the doping concentration becomes higher than 10 16 cm À3 that the current significantly raises, owing to additional free carriers. Accordingly, the organic semiconductor can be safely described as undoped in realistic cases, even though small amounts of unintentional dopants could exist in fabricated devices.
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B. Trap-induced ideality factor Figure 6 presents the simulated potential profiles with an exponential distribution of traps. With the parameters listed in Table I , the simulated potential profile at thermal equilibrium (V a ¼ 0) matches well that calculated by the model (see Fig. 3 ); band bending occurs at the injecting interface due to the trapped (fixed) charges. Then, the simulation also allows us to monitor the variation of the profiles as varying applied V a , which is, in fact, a key element to understand the trap-induced ideality factor.
The influence of traps on the j À V characteristics of the organic diode is shown in Fig. 7 and can be discussed as follows: First, there is no significant change in the reverse-bias regime, because the reverse current is dominated by the drift contribution of the free carriers injected at the cathode. Next, in the injection-limited regime (from 0 V to roughly 0.5 V), we clearly observe a decrease of the slope, which can be interpreted in terms of an ideality factor n. Third, the bulklimited current (above 0.5 V) is considerably lowered, as predicted by Mark-Helfrich's model in Eq. (25) . The origin of the trap-induced ideality factor can be elucidated from the potential profiles in Fig. 6 . The effect of traps on the potential profile can be viewed as a reduction of the injection barrier at the anode. If we define the reduction as DV (DV > 0), the current is no longer proportional to e qV a =kT , but rather to e qðV a ÀDVÞ=kT . Generally, DV depends on the applied voltage (as shown in Fig. 6 ). A first order development of DV with V a leads to DV ' aV a and j ¼ j s e qV a =nkT ; where n ¼ 1=ð1 À aÞ is the ideality factor. However, it should be noted that Eq. (26) looks oversimplified when the current is strongly limited by traps. In that case, the current is not perfectly linear with V a in the semi-log plot (see T c ¼ 1200 K curve in Fig. 7) . In other words, a first order approximation is less reliable in such a situation. There were many experimental reports showing considerable ideality factor in organic diodes. Haldi et al., 37 for instance, studied single-layer diodes with various organic semiconductors and measured ideality factors ranged from 1.6 to 4.3. No clear physical explanation, however, has been put forward yet. We believe that our result is the first and most relevant description for the origin of the ideality factor in organic diodes.
IV. EXPERIMENTAL PROOF
This section deals with an experimental analysis on the pentacene-based organic diode, which supports the explanation for the trap-induced ideality factor in Secs. II B and III B. If an organic diode with single crystalline semiconductor or low-defect material is under investigation, the ideality factor could be close to unity and show trap-free behavior (Secs. II A and III A). Evaporated pentacene film is known for its polycrystalline phase, and grain (or domain) boundaries mainly contain trapping sites. 13, 38 It is thus expected that pentacene diode could be a useful test device concerning trap effects. We could extract actual trap parameters (N t and T c ) by applying Eq. (25) to the bulk-regime current of our device. Incorporating this exact information on traps, the simulation could reproduce the measured j À V curve at low-voltage regime with satisfying precision for the ideality factor.
A. Fabrication: Pentacene diode
Pentacene-based organic diodes were fabricated with metal=semiconductor=metal structure. Au (anode), pentacene (organic semiconductor), and Al (cathode) were subsequently evaporated on a cleaned glass substrate. All evaporation processes were done under a vacuum pressure of about 2 Â 10 À7 mbar, with the substrate kept at room temperature. The evaporation rate of pentacene was 0.1 nm=sec with a final thickness of 200 nm. j À V measurements were carried out using a semiconductor characterization system (Keithley 4200) in dark under nitrogen atmosphere. The devices are transferred into the measurement system right after the fabrication process without exposure to the ambient air. This experimental setup minimizes contamination or degradation by chemical reaction with ambient gas molecules.
B. Bulk-limited current: Evidence for traps Figure 8 shows the measured bulk-limited current in log-log scale. The reasonable linearity of the measured curve ascertains a power-law relationship between current and voltage. The estimated slope of the curve is 5.4, and it means that the current is strongly limited by traps. 34 This value can be directly converted to l ¼ 4:4 and T c ¼ 1320 K. The total density of traps N t was then obtained by optimizing the measured data to the simulation, resulting in N t ¼ 1:3 Â 10 18 cm À3 . The curve calculated with the MarkHelfrich model [Eq. (25) ] with extracted N t and T c is plotted in Fig. 8 as well. Note that, because we inserted V a ÀV d (instead of V a ) as the voltage term in Eq. (25) to correct for the asymmetric electrodes, the curve is not perfectly linear, but slightly bends downward when approaching V d .
C. Low-voltage regime: Ideality factor
The measured low-voltage regime current is shown in Fig. 9 . It also exhibits three-regime behavior with increasing reverse-current and exponential injection-current. A linear regression gives an approximate ideality factor n of 2.1 in the pentacene diode. With fixed trap parameters (N t ¼ 1:3 Â 10 18 cm À3 and T c ¼ 1320 K), we could fit the low-voltage regime curve to extract injection barrier heights; it should be kept in mind that the current in this regime strongly (exponentially) depends on the cathode barrier as predicted by our model [Eqs. (17) and (18) ionization potential IP of pentacene as 5.2 eV, the work functions of the Au anode and Al cathode were extracted to be 4.9 and 4.38 eV, respectively. They correspond to the anode barrier of 0.3 eV and the cathode barrier of 0.82 eV. Figure 9 shows a nice agreement between the optimized simulation and the experimental data; we can successfully account for the emergence of the ideality factor by bulk traps in the organic semiconductor. In addition, the simulated j À V curve also shows the same ideality factor of $2.1.
V. CONCLUSION
In the present work, we revisit the physics of the singlelayer organic diode. We introduce a new simple analytical model for the low-voltage regime of the diode, an area of great interest for organic photovoltaic cells. We show that the current at applied voltage lower than the diffusion potential results from the balance between the charge carriers injected from both electrodes, a mechanism that strongly reminds that of the pn junction. Such a description is at variance with the most often invoked picture of the conventional Schottky diode, in which the current is governed by the interface between the semiconductor and the blocking electrode. The effect of traps is to reduce the overall current of the diode, and they also induce a substantial ideality factor. We provide two-dimensional physically based finite element simulation in order to validate the model. The currentvoltage characteristics given by the analytical model are in good agreement with the simulation results. Another appealing aspect of our model is that it provides a physical meaning to basic parameters, such as the saturation current, which could be utilized within the frame of organic circuit compact modeling. We are currently working on the extension of the present model to the case of heterojunction organic photovoltaic cells.
